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Abstract 

Infection of non-enveloped polyomaviruses depends on an intact microtubular network. Here we focus on mouse 
polyomavirus (MPyV). We show that the dynamics of IVlPyV cytoplasmic transport reflects the characteristics of microtubular 
motor-driven transport with bi-directional saltatory movements. In cells treated with microtubule-disrupting agents, 
localization of IVlPyV was significantly perturbed, the virus was retained at the cell periphery, mostly within membrane 
structures resembling multicaveolar complexes, and at later times post-infection, only a fraction of the virus was found in 
Rab7-positive endosomes and multivesicular bodies. Inhibition of cytoplasmic dynein-based motility by overexpression of 
dynamitin affected perinuclear translocation of the virus, delivery of virions to the ER and substantially reduced the numbers 
of infected cells, while overexpression of dominant-negative form of kinesin-1 or kinesin-2 had no significant impact on 
virus localization and infectivity. We also found that transport along microtubules was important for MPyV-containing 
endosome sequential acquisition of Rab5, Rab7 and Rabi 1 GTPases. However, in contrast to dominant-negative mutant of 
Rab7 (T22N), overexpression of dominant-negative mutant Rabl 1 (S25N) did not affect the virus infectivity. Altogether, our 
study revealed that MPyV cytoplasmic trafficking leading to productive infection bypasses recycling endosomes, does not 
require the function of kinesin-1 and kinesin-2, but depends on functional dynein-mediated transport along microtubules 
for translocation of the virions from peripheral, often caveolin-positive compartments to late endosomes and ER - a 
prerequisite for efficient delivery of the viral genome to the nucleus. 
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Introduction 

Mouse polyomavirus (MPyV) is a tumor virus belonging to the 
Polyomaviridae family, whose members are small non-enveloped 
DNA viruses replicating in the cell nucleus. MPyV enter cells by 
clathrin- and caveolae-independent endocytosis [1-3], through the 
interaction of the major viral capsid protein, VPl, with ganglioside 
receptors, GDla or GTlb [4] that associate with lipid rafts [5,6]. 
Efficient uptake of MPyV also requires remodeling of the actin 
cytoskeleton [2,5,7]. Virions are internalized into smooth endo- 
cytic vesicles [3,6,8], often positive for caveolin-1 [5,6], and 
subsequently fuse with larger endosomes [3,5,6,9]. Like other 
polyomaviruses, MPyV virions do not escape the endosomal 
system until they reach the lumen of smooth endoplasmic 
reticulum (ER) [5,6,9,10], where lumenal enzymes facilitate virus 
capsid disassembly and uncoating of viral genomes prior to their 
import into the nucleus [11-13]. Regardless of the multiphcity of 
infection, only a few virions are able to deliver their genomic DNA 
into the cell nucleus [10]. Currently, two possible ways for viral 
genome delivery to the cell nucleus have been proposed: either 
partially disassembled virions translocate from ER to the cytosol 
and then are imported into the nucleus via nuclear pore complexes 



or, alternatively, they penetrate directly from ER to the 
nucleoplasm through the nuclear envelope (reviewed in [14]). 

Infection of MPyV is dependent on an intact microtubular 
network and microtubule depolymerizing drugs such as nocoda- 
zole or colcemid block virus infectivity [2,5,15,16]. The virus 
infectious pathway to ER is directed from the plasma membrane 
by the ganghoside receptor [9, 1 7] and requires acidic environment 
of the endosomes [3,9]. Previous reports pointed to the importance 
of virus transfer via early and late endosomal compartments as 
overexpression of dominant-negative mutant of Rab5 [3,9] or 
Rab7 GTPase [9] inhibited MPyV infection. On the other hand, 
caveolin- 1 , accompanying the internalization and trafficking of the 
subpopulation of MPyV virions towards the nucleus, is not 
required for virus infectivity [3] . Our previous studies reported the 
virus presence in perinuclear area of cells co-localizing there with 
Rab 1 1 GTPase and with transferrin, markers of recycling 
endosomes [3,10], suggesting the possibility that transfer of MPyV 
via mildly acidic early endosomes and later via recycling 
endosomes represents an alternative endocytic pathway along 
microtubules that virions can use for genome delivery into the host 
cell nucleus. 
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Figure 1. Tracking of iVlPyV in living cells expressing EGFP-fused tubulin. 3T6 cells expressing EGFP-tubulin (green) were infected with 
Alexa Fluor 546-labeled IVIPyV (red) (MOI of 10^ to 10^ virus particles per cell) at 37°C and scanned with AT = 3 s. Virions were transported to both 
directions: to the nuclear periphery (upper panel) and to the cell periphery (lower panel). Selected frames from two different cells at 1 h p.i. are 
shown in detail (see Movie SI). Arrowheads point to IVIPyV virions. Bars, 10 |j,m. Cells were examined with an Olympus 1X81 CellR microscope 
equipped with an MT20 illumination system. 
doi:1 0.1 371 /journal.pone.0096922.g001 



Intact microtubules are also essential for other polyomaviruses, 
including simian virus 40 (SV40), or human polyomaviruses BK 
virus (BKV) orJC virus (JCV) [18-24]. Although in some cells the 
trafficking of SV40 occurs in vesicles propelled by actin 
polymerization, functional microtubule-dependent transport was 
found to be essential for delivery of SV40 virions from acidic late 
endosomes to ER [23,25]. Similarly, involvement of microtubules 
in virus transport from acidic endosomes to the ER has been 
proposed for BKV [24]. It has been shown that microtubules 
mediate trafficking of MPyV from 'caveolin- 1 -positive environ- 
ment' to the ER [5]. Authors of this study suggested that caveolin- 
1-rich compartments may represent so-called "caveosomes". 
However, since the caveosomes defined as caveolin- 1 -positive, 
pH-neutral organelles were recently identified as modified late 
endosomes or lysosomes [23,26], the involvement of microtubular 
network in endocytic trafficking of MPyV to early and premature 
late endosomes is not clear. 

The requirement of intact microtubules for MPyV infection 
implies that specific microtubule-associated motor(s) play a key 
role in the intracellular trafficking of the virus, but these kinetic 
aspects of the MPyV infection pathway still remain to be 
determined. Microtubule-associated motors are essential for the 
fimction and spatio-temporal organization of the endosomal 
system. Opposing forces provided by dynein and kinesins are 
responsible for the oscillatory motion of endosomes along 
microtubules and are required for endosome trafficking towards 
the nucleus, plasma membrane or vesicular transport between 
other membrane compartments (reviewed in [27]). In contrast to 
JCV- and BKV-infected cells, where inhibition of dynein has an 
insignificant effect on virus infectivity [18,20], SV40 relies on 
functional dynein for infection at least in HeLa cells [23]. The 
possible role of kinesin-1 motor, which together with dynein is 
utilized by some other viruses for transport to the proximity of the 
nucleus (reviewed in [28]), or kinesin-2 motor, which together with 
dynein and kinesin-1 has been shown to be important for the 
motility of early and late endosomes (reviewed in [29]), has not yet 
been investigated for any polyomavirus. 

In this study, we used confocal fluorescence microscopy of living 
cells to examine the dynamics of MPyV cytoplasmic trafficking. 
Further, we performed infectivity assays to test the effect of 
dominant-negative forms of dynein, kinesin-1 or kinesin-2 motor 
on MPyV productive transport and we used confocal and electron 
microscopy approaches to monitoring the involvement of micro- 
tubular network in transport of MPyV from the plasma membrane 



to classical endosomes and in subsequent virus delivery to the ER. 
Finally, we investigated whether virus transfer via recycling 
endosomes represents an alternative endocytic pathway along 
microtubules utilized by MPyV to reach the cell nucleus. 

Results 

IVIPyV Trafficking along Microtubular Tracks 

We prepared a stable cell line of mouse 3T6 fibroblasts 
expressing ot-tubulin fused with enhanced green fluorescent 
protein (EGFP) to follow the direct involvement of microtubules 
during MPyV trafficking in live cells. Cells expressing EGFP- 
tubulin were infected with fluorescently labeled MPyV and 
transport of virions along microtubules was followed at early 
stages (up to 2 h) post-infection (p.i.) by time-lapse fluorescence 
microscopy. We observed virus transport along microtubules soon 
after virus addition (20-30 min p.i.). Virions were moved along 
microtubules in a bi-directional manner, being transported into 
the cell interior but also back to the cell periphery (Figure 1, Movie 
SI). Although the virus cargo was transported in both directions 
(often along an identical microtubule), the virus fluorescent signal 
was found accumulated around the nucleus at later times post- 
infection (from ~3 h p.i.) (Movie S2). This observation indicates 
that MPyV transport to the vicinity of the nucleus is prevalent 
during a longer time span of trafficking. 

Dynamics of MPyV Cytoplasmic Transport by Single 
Particle Tracking 

To describe the dynamics of the MPyV trafficking, we 
performed single particle tracking analysis and mapped transport 
trajectories of fluorescently labeled virions in living 3T6 cells. In 
order to monitor the virus intracellular movement fi"om infection 
start until the time when the virus appears in the proximity of the 
nucleus, we followed trafficking of virions from 30 min to 3 h p.i. 
As a control we performed the internalization assay, which showed 
that a considerable amount of virions (~50%) was already 
internalized after 30 min of infection and that the major part of 
the virus was internalized at 60 min p.i. (Figure SI). The presence 
of virions attached to the cell surface was taken into consideration 
during the virus tracking experiments (see Materials and Methods). 
Virus trajectories revealed complex patterns. They were not 
clearly oriented from the cell surface towards the nucleus, but 
instead, they displayed the characteristics of Brownian motion 
with fast random .switching in velocities and direction of 



PLOS ONE I www.plosone.org 



2 



May 2014 | Volume 9 | Issue 5 | e96922 



Microtubular Network in MPyV Trafficking 



movement (Figure 2A). The dynamics of virion transport was 
mostly saltatory - the fast forward movements were interrupted by 
short back-step movements or pausing at intervals (average pause 
duration of 40±6.5 s). Our measurements of movement velocities 
corresponded to approximately three main characteristic rates 
(trajectories and graphs in Figure 2B,C,D): i) slow movement (in a 
limited space) at rates up to 0.3 (Xm/s, ii) faster movement of 
virions with frequent velocity rate around 0.6 |J,m/s, and iii) fast, 
long-distance movement with peaks reaching rates of 1 .2 \lm/s - 
speed typical of motor-driven transport on microtubular tracks 
[30]. 

Following movements of more than 200 single virions in about 
40 distinct cells, we computed the frequency of velocity rates. The 
most prevalent were slow movements (<0.2 (Xm/s) (Figure 2E), 
which can be assigned to pausing of virus-loaded vesicles on 
microtubule tracks before another motor was recruited (or 
activated), or to actin-driven motility of virus-carrying endosomes 
as the velocity of vesicles/endosomes propelled by actin polymer- 
ization reaches rates around 0.2 \lm/s [31-33]. The association of 
slowly moved MPyV-loaded endosomes with assemblies of 
dynamic actin recruited at their membranes was confirmed in 
living EGFP-actin-expressing cells (Figure S2, Movie S3). During 
such a "stationar)' phase", we detected movement only in a limited 
range (0.5-1 |a,m). In contrast, fast, long-distance movements (up 
to 1.5 |a,m/s) were rare, with a distinct peak at 0.6 |a,m/s 
(Figure 2E). Our measurements of fast movements (SO. 6 \lm/s) 
revealed that the average length of a single continuous movement 
was 2.5 |Im (Figure 2F). Such values could correspond to 
recruitment of a single microtubular motor molecule on the 
transported vesicle and fit well with the processivity of individual 
kinesin or dynein molecule-mediated transport producing move- 
ments of approximately 1.5 Jim before the motor dissociates from 
the microtubule [34]. We observed that events of faster (> 
0.6 |i,m/s) long-range transport occurred exclusively for short time 
intervals and the time span of the movements was characterized by 
peaks at 3.3 and 7.2 s (Figure 2G). These data indicate that in the 
case of MPyV, the run length of the vesicle carrying the virus 
cargo-motor complex reflected an inherent microtubular motor 
processivity. 

Dynein Motor is Essential for MPyV Infection and Virus 
Trafficking to the ER 

The observation of the bi-directionality and dynamics of long- 
distance movements of single MfN^V virions suggested the possible 
involvement of plus end-oriented kinesins and minus end-oriented 
dynein during virus endocytic traflicking towards the nucleus. We 
therefore investigated the role of dynein, kinesin- 1 and kinesin-2 
motor in productive traflicking of MPyV. The importance of the 
dynein motor for MPyV infection was tested by infectivity assays 
in 3T6 cells transiently overexpressing EGFP-fused dynamitin, as 
overexpression of dynamitin causes disassembly of the dynein- 
dynactin complex and thus inhibits dynein motor function [35- 
37]. The efiiciency of infection of these cells was compared with 
that of control, mock-transfected cells and cells expressing EGFP 
alone. Compared to controls, overexpression of EGFP-dynamitin 
dramatically reduced the number of infected cells (more than 70% 
dtx rcase) (Figure 3A). When confocal fluorescence microscopy was 
performed later (5 h) post-infection in dynamitin-EGFP expressing 
cells, substantial amounts of virions were still detected at the cell 
periphery (Figure 3B, right panel), while in mock-transfected cells, 
the virus was accumulated predominantly in perinuclear area 
(Figure 3B, left panel). To investigate the importance of kinesin- 1 
and kinesin-2 motor for MPyV infection, we performed infectivity 
assays in cells expressing their dominant-negative constructs. The 



function of kinesin- 1 was inhibited by overexpression of the C- 
terminal domain of kinesin- 1 heavy chain fused with red 
fluorescent protein (RFP-KHCct), as the expression of C-terminal 
segment inhibits kinesin- 1 -driven microtubule activity by binding 
to the kinesin motor domain [38-40]. The kinesin-2 motor was 
inhibited by overexpression of EGFP-fused dominant-negative 
subunits of kinesin-2, motorless KIF3A subunit (EGFP-KIF3A- 
HL), or C-terminus of KAP3 subunit (EGFP-KAP3-CT) [41,42]. 
For control, we infected mock-transfected cells, cells expressing 
RFP-fused form of kinesin- 1 light chain (RFP-DTC) as negative 
control for kinesin- 1 [39,40], and cells expressing EGFP alone as a 
control for EGFP-fused kinesin-2 constructs. Production of 
dominant-negative kinesin- 1 or kinesin-2 did not reduce the virus 
infectivity. Moreover, a slight increase in the number of infected 
cells was detected when compared to controls (Figure 3C). 
Confocal microscopy of cells producing dominant-negative 
kinesin- 1 or kinesin-2 performed at 5 h p.i. did not reveal any 
significant difference in virus localization when compared to 
mock-transfected cells (Figure 3D). Together, these results indicate 
that transport mediated by the dynein motor is critical for MPyV 
infection and its perinuclear sorting, whereas the function of 
kinesin- 1 or kinesin-2 is dispensable. 

As we observed reduced MPyV infectivity in dynamitin- 
overexpressing cells, we next investigated the involvement of the 
dynein motor in delivery of MPyV virions to the ER. For this, we 
infected dynamitin-EGFP-expressing cells and fixed them 5 h p.i. 
In the cells we followed and quantified co-localization of individual 
MPyV virions with the BiP (GRP78) protein as a marker of ER 
and compared it with that in control, mock-transfected cells. Co- 
localization of the VPl signal of MPyV virions with the fluorescent 
signal of BiP protein was quantified from confocal images such as 
those shown in Figure 4A, as explained in Materials and Methods. 
The quantification revealed that inhibition of the dynein motor 
function by overexpression of dynamitin significantly reduced 
virus co-localization with BiP (by 40-50%) when compared to that 
in control cells (Figure 4B). We thus conclude that the dynein 
motor function is essential for the delivery of MPyV to ER. 

Microtubules are Important for Trafficking of MPyV to 

Endosomes 

Investigation of SV40 traflicking showed that transport of the 
virus to early and premature late endosomes is independent of 
intact microtubules and that microtubules are required later for 
maturation of SV40-carrying late endosomes and subsequent virus 
deli\Try to the ER [23]. However, the above-described effect of 
overexpression of dynamitin-EGFP on MPyV intracellular local- 
ization suggests that dynein-mediated transport is required soon 
after virus internalization for virus trafficking from the plasma 
membrane to endosomes. To dissect the involvement of micro- 
tubules or actin cytoskeleton in the presence of MPyV in 
individual endocytic compartments, we infected 3T6 cells (non- 
transfected or expressing EGFP-fused marker of interest) in the 
absence or presence of compounds selectively affecting the 
structure and dynamics of microtubules (nocodazole) or actin 
cytoskeleton (latrunculin A) and fixed them 5 h p.i. In the cells we 
followed and quantified tendencies in co-localization of individual 
MPyV virions with endocytic markers previously shown to be 
involved in trafficking of MPyV towards the nucleus: caveolin-1 
for caveolar or other compartments functionally connected to lipid 
rafts, EGFP-Rab5 GTPase for early endosomes, EGFP-Rab7 
GTPase for late endosomes, EGFP-Rabll GTPase for recycling 
endosomes, and BiP protein as ER marker. 

In non-treated control cells at 5 h p.i., virions co-localized with 
all of the tested markers (Figure 5A-E). Quantification of co- 
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Figure 2. Single particle tracking analysis of IMPyV transport. 3T6 cells were infected with Alexa Fluor 546-labeled IVIPyV (MOI of 10 to 10 
virus particles per cell) at 37'C and scanned with AT = 6 s. (A) Complex trajectories marked in white tracking curves in four selected cells shown in 
transmission light. Bars, 5 |im. (B-D) Dynamics of three independent single particle trackings (upper graphs) representing three main types of virion 
transport velocities with single particle position tracking in x-y coordinates (middle graphs) and course of movement velocities (lower graphs) 
measured at time intervals of 6 s (mean velocity was averaged from each three following time steps). (E) Frequency of virion transport velocity rates, 
counted from more than 200 different tracking experiments in 3T6 cells, with a distinct peak at 0.6 [im/s (x-coordinate was cropped to cut off the 
high frequency of short-range movements at rates <0.3 |im/s). (F) Histogram of fast movement distances counted from 109 single fast movements 
and sampled into 0.5 \xm step intervals, with a maximum at 1.5 \xm and the average distance of 2.5 |im. (G) Time span frequency of fast (>0.6 |im/s) 
movements with maximum counts at 3.3 and 7.2 s. 
doi:1 0.1 371 /journal.pone.0096922.g002 
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Figure 3. Role of microtubular motors in WlPyV productive trafficking. (A and C) 3T6 cells were transfected with: (A) plasmid DNA for 
transient expression of EGFP (pEGFP-Nl) or dynamitin-EGFP (inhibiting the dynein motor function) or (C) plasmid DNA for transient expression of 
RFP-DTC protein (pRFP-DTC), RFP-fused C-terminal fragment of kinesin-1 (pRFP-KHCct; inhibiting kinesin-1 motor function), EGFP (pEGFP-NI) or 
EGFP-fused dominant-negative subunits of kinesin-2 (pEGFP-KIF3A-HL or pEGFP-KAP3-CT). Cells expressing constructs were infected with IVIPyV, 
incubated until 24 h p.i., fixed and immunostained for IVIPyV LT antigen. The efficiency of infection was determined by levels (%) of LT antigen- 
positive cells normalized to that obtained in control, mock-transfected cells. During the experiment, more than 500 cells were counted for each 
sample. Data in the graphs represent mean values ± s.d. from three independent experiments. (B and D) Control, mock-transfected cells, or cells 
expressing dynamitin-EGFP, RFP-KHCct or EGFP-KIF3A-HL, infected with MPyV (MOI of 10^ virus particles per cell), fixed 5 h p.i. and immunostained 
for IVIPyV VP1 capsid protein. DNA in nuclei was stained with DAPI (blue). Confocal sections of representative cells with corresponding signal in green 
or red channel and differential interference contrast (DIC) images are presented (the virus localization during EGFP-KIF3A-CT expression is not 
presented as it was similar to that in cells expressing the -HL form of kinesin-2). Arrowhead point to the virus at nuclear periphery. Arrows point to the 
virions at cell periphery. Bars, 10 |j.m. 
doi:1 0.1 371 /journal.pone.0096922.g003 



localization in control cells (Figure 5F, light grey bars) revealed 
that the highest percentage of virions co-localized with caveolin- 1 
(40.3±2.6%), but a substantial amount also co-localized with 
EGFP-Rab7 (26.5±2.9%) and small virus populations co-localized 
with EGFP-Rabll (14.9±0.9%) and BiP (13.1 ±2.7%). Only 
residual co-localization of MPyV with early endosonial marker 
EGFP-Rab5 (5.9±1.6%) was detected at 5 h p.i. In the presence 
of microtubule-disrupting drug nocodazole (Figure 5F, dark grey 
bars), virus co-localization with caveolin- 1 increased by 20% (to 
48.4±2.9%), and a minor fraction of virions also co-localized with 
EGFP-Rab7 GTPase (13.2±2.5%). Only sporadic virions (~2%) 
co-localized with other tested markers (EGFP-Rab5, EGFP- 
Rabl 1, BiP). In contrast, in cells with actin cytoskeleton disrupted 
by latrunculin A (Figure 5F, black bars), MPyV co-localization 
with caveolin-1 dropped by —50% (to 22.8±2.0%), while its co- 
localization with EGFP-Rab5 (8.0±2.4%), EGFP-Rab7 
(40.1±4.1%), EGFP-Rabll (20.1±2.7%) and BiP (18.3±5.2%) 
increased by 30-50% when compared to that in untreated cells. As 
the presence of the virions in early endosomes was sporadic even 
in control cells at 5 h p.i., we performed co-localization analysis 
earlier, at 1.5 h p.i., when a higher population of virions could be 
expected to co-localize with Rab5 GTPase. In untreated cells at 
that time p.i., a minor virus population co-localized with EGFP- 



Rab5 (12.2±2.2%). Virus co-localization with EGFP-Rab5 was 
markedly reduced in the presence of nocodazole (to 4. 5 ±1.1%), 
and substantially increased (by 60%) in the presence of latrunculin 
A (to 19.5±3.6%) (Figwe 5G). 

These data demonstrate that disruption of microtubules by 
nocodazole significantiy perturbed the virus presence in endo- 
somes positive for Rab5, Rab7 and Rabll GTPases and in the 
ER. The presence of latrunculin A apparently enhanced the 
efficiency of microtubule-mediated transport, and thus a higher 
percentage of virions co-localized with Rab5 and later post- 
infection with Rab7, Rabll and BiP when compared to control 
untreated cells. We thus conclude that dynein-mediated transport 
along microtubules is important already for trafficking of MPyV 
from the plasma membrane to endosomes of classical endocytic 
pathways, while the actin meshwork rather represents a barrier 
that slows down the rate of virus endocytic transport and is 
connected with accumulation of the virions in caveolin- 1 -positive 
compartments. 
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control dynamitin-EGFP 
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Figure 4. Dynein motor is required for trafficking of MPyV to the ER. 3T6 cells were transfected with plasmid DNA for expression of 
dynamitin-EGFP, infected with MPyV (MOI of 5 xlO^ virus particles per cell) and fixed 5 h p.i. Cells were immunostained for MPyV VP1 capsid protein 
(red) and BiP (GRP78) marker of ER (blue). (A) Confocal sections of representative control (mock-transfected) cells and dynamitin-EGFP expressing cells 
at 5 h p.i. with enlarged details. Arrowheads point to selected MPyV virions co-localized with BiP protein. Arrows point to selected MPyV that did not 
co-localize with BiP protein. Bars, 10 |im. (B) Quantification of co-localization of MPyV virions with BiP at 5 h p.i. The percentage of co-localizing 
virions was calculated from images such as shown in panel A and levels (%) of co-localizing virions in dynamitin-expressing cells were normalized to 
that in control. During the experiment, more than 600 virions in at least 1 0 different cells were evaluated for each sample. Data in the graph represent 
mean values ± s.d. from three independent experiments; Student's t-test was used. 
doi:10.1371/journal.pone.0096922.g004 



In the Absence of Microtubules, MPyV Is Accumulated in 
Multicaveolar-like Clusters 

In the above analysis, only a minor subpopulation of the virus 
appeared in Rab7-positive endosomes of nocodazole-treated cells, 
while the amount of virions located within structures positive for 
caveolin-1 increased by 20% in comparison to the non-treated 
cells (Figure 6A,B, quantified in Figure 5F). To identify caveolin-1- 
positive compartments where MPyV virions appear in the absence 
of microtubules, we processed nocodazole-treated cells later (5 h) 
post-infection for immunogold labeling of caveolin-1 on thawed 
cryosections of the cells. Immunoelectron microscopy revealed 
that most virions were located at the cell periphery in tightly-fitting 
endocytic vesicles (~60 nm in diameter), often also positive for 
caveolin-1. Virus-carrying vesicles were found connected to flask- 
shape caveolae-like empty structures (70-100 nm in diameter), but 
also to other virus-carrying vesicles, creating caveolin- 1 -positive 
membrane clusters of irregular shape (Figure 6C) whose 
morphology resembled multicaveolar complexes [43,44]. Apart 
from these structures, only individual virions were found in late 
endosomal multivesicular bodies (MVBs), occasionally also positive 
for caveolin-1, and in caveolin- 1 -free endosomes (Figure 6D). 
These endosomal structures probably represented early or pre- 
mature late endosomes, since maturation of endosomes and their 
fusion with lysosomes is dependent on intact microtubular network 
and dynein motor function [45-48]. In contrast to nocodazole- 
treated cells, in non-treated cells at 5 h p.i. the accumulation of 
MPyV in caveolin- 1 -positive clusters was not apparent. Virions 
were found accumulated within multilamellar bodies or within 
MVBs also stained for caveolin-1 (Figure 7). This suggests that a 
high percentage of MPyV virions co-localizing with caveolin- 1 in 
untreated cells (Figure 5F) is largely made up of virus within late 
endosomal structures. Together, these data demonstrate that in a 
situation when microtubular transport is not available for MPyV, 
most virions persist at the cell periphery within endocytic vesicles 
or within multicaveolar-like clusters. 

The resemblance of caveolin- 1 -positive clusters of MPyV- 
carrying vesicles in nocodazole-treated cells to multicaveolar 
membrane structures prompted us to test whether the presence 



of the drug affected the way of virus internalization, since previous 
studies provided evidence that internalization of MPyV is 
caveolae-independent [1-3,6,8]. To explore that, we first per- 
formed live-cell labeling of infected untreated or nocodazole- 
treated cells at 15 or 90 min p.i. with anti-MPyV VPl primary 
antibody, to visualize non-internalized virions (see Materials and 
Methods). For both, untreated or nocodazole-treated cells, 
immunostaining at 15 min p.i. revealed abundant presence of 
MPyV virions attached to the cell surface, whereas at 90 min p.i., 
only residual presence of virus attached at the surface of cells was 
detected (Figure 8A). This observation suggests that virus uptake 
was not prevented by nocodazole. Further, we followed the way of 
MPyV internalization in the presence of nocodazole by immu- 
noelectron microscopy. We found that virions are internalized 
independentiy of caveolar invaginations into tightly-fitting endo- 
cytic vesicles (Figure 8B, panels a and b) and that the presence of 
caveolin-1 on virus-carrying vesicles is caused by virus uptake via 
caveolin- 1 -rich domains at the plasma membrane (Figxire 8B, 
panel c). These results indicate that the way of MPyV 
internalization is not affected by nocodazole. In addition, we 
tested the impact of temporary absence of a functional microtu- 
bular network on virus infectivity. We pre-treated (1 h prior to 
infection) and infected cells with MPyV in the presence of 
nocodazole. We found that more than 70% inhibition of MPyV 
infection in the cells kept with the drug until 7 h p.i. could be 
efficiendy restored by the drug washout and by prolonged time of 
incubation (for additional 24 h) before cell fixation and screening 
(Figure 8C). Such reversibility supports our microscopic observa- 
tions indicating that nocodazole does not affect MPyV entry and 
also points to the effective productive transport of virions when 
their accessibility to microtubules was recovered. 

Together, these data indicate that in a situation when 
microtubular transport is not available, most of MPyV virions 
persist at the cell periphery within endocytic vesicles or within 
multicaveolar-like clusters, where they are inaccessible for surface 
labeling with antibody. Our results also suggest that the presence 
of virions in these structures does not aflect their ability to infect 
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Figure 5. Effect of cytoskeleton-disrupting drugs on subcellular localization of MPyV. Non-transfected 316 cells (A and E) or cells 
transiently expressing EGFP-tagged marker of interest (B-D) were infected with IVIPyV (IVIOI of 5x10^ virus particles per cell) and fixed 5 h p.i. Cells 
were immunostained for IVlPyV VP1 capsid protein (red) and for a second marker of interest (caveolin-1, BiP) if not fused with EGFP (green). Confocal 
sections of cells with enlarged details are shown. Arrowheads point to selected IVlPyV virions co-localized with the marker of interest. Arrows point to 
selected IVlPyV that did not co-localize with the marker of interest. Bars, 10 )im. (F) Quantification of co-localization of MPyV virions with indicated 
markers at 5 h p.i. in non-treated cells (control) or cells pre-treated (1 h) and infected in the presence of nocodazole (Noc) or latrunculin A (LatA). (G) 
Quantification of co-localization of MPyV virions with EGFP-Rab5 at 1.5 h p.i., in control, Noc- or LatA-treated cells. The percentage of co-localizing 
virions was calculated from images such as those showed in A-E. During the experiment, more than 600 virions in at least 10 different cells were 
evaluated for each sample. Data in the graph represent mean values ± s.d. from three independent experiments. 
doi:1 0.1 371 /journal.pone.0096922.g005 



cells and that with accessibility to microtubular network the virions 
continue in their trafficking to the endosomes and further to ER. 

Recycling Endosomes are not Required for MPyV 
Infection 

In previous reports we showed that substantial amounts MPyV 
VPl capsid protein appeared in Rab 1 1 -positive recycling endo- 
somes of 3T6 cells [3,10]. To investigate whether recycling 
endosomes participate in MPyV productive trafficking, we 
followed the virus infectivity in 3T6 cells transiently expressing 
EGFP-fused wild-type, dominant-negative or constitutively active 
mutant of Rab 1 1 GTPase. As an additional control, we tested the 
virus infectivity during transient expression of analogous mutants 
of Rab7 GTPase, used previously to prove the dependence of 



MPyV infection on late endosomes in NIH 3T3 cells [9]. Our 
infection assays revealed that neither expression of EGFP-fused 
wild-type nor any mutant version of Rab 1 1 GTPase affected the 
virus infectivity (Figure 9A). On the other hand, the expression of 
dominant-negative EGFP-Rab7 substantially reduced virus infec- 
tivity in comparison to the wild-type or constitutively active Rab 7 
version (Figure 9B). These data indicate that virus transport to the 
Rab 1 1 -positive recycling compartments is dispensable for MPyV. 
The functional expression of Rab 1 1 GTPase constructs was 
confirmed by the intracellular distribution of fluorescently tagged 
transferrin. In accordance with observations of others [49,50], in 
the cells expressing the wild-type or constitutively active version of 
Rab 1 1 , most of the transferrin was accumulated in EGFP-Rab 1 1 - 
positive structures concentrated in the juxtanuclear region 
corresponding to the pericentriolar recycling compartment. 
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Figure 6. Localization of WlPyV in nocodazole-treated cells. 3T6 cells were pre-treated (1 h) with nocodazole, infected with IVIPyV in the 
presence of the drug and fixed 5 h p.i. (A) Cells immunostained for MPyV VP1 (red) and caveolin-1 (green). (B) Cells expressing EGFP-fused Rab7 
GTPase (green) immunostained for VP1 protein (red). Confocal sections of cells are shown. Arrowheads point to selected IVlPyV virions co-localizing 
with indicated marker. Bars, 10 )im. (C and D) Immunolabeling of thawed cryosections of cells with anti-caveolin-1 antibody, followed by 
immunolabeling with secondary antibody conjugated with 10 nm gold particles (seen as darkly stained dots). Arrowheads point to selected virions. 
Empty arrowheads point to flask-shape "empty" caveolar structures. Bars, 100 nm. Pm, plasma membrane; MVBs, multivesicular bodies. 
doi:1 0.1 371 /journal.pone.0096922.g006 



whereas in cells expressing the dominant-negative form, EGFP- 
Rab 1 1 was dispersed in the cytoplasm or created thin tubular 
perinuclear elements, but the presence of transferrin in these 
structures was diminished (Figme S3). 

Discussion 

In this study, we focused on the dynamics of intracellular 
transport of MPyV virions towards the nucleus and addressed the 
relevance of virus movements along microtubules for its produc- 
tive infection. Here, we present evidence that dynein mediates all 
the critical steps of MPyV trafficking, including efficient virus 
transport from the plasma membrane to endosomes of classical 
endocytic pathways, maturation of MPyV-carrying endosomes, 



and subsequent virus delivery to the ER. In addition, we show that 
microtubule-dependent virus transport to recycling endosomes is 
not required for MPyV infection. 

Previous studies that focused on the role of microtubular 
network in trafficking of polyomaviruses reported that perturba- 
tion of the dynein motor function did not lead to significant 
inhibition of JCV, SV40 or BKV infection [18,20]. However, in 
accordance with our results, Engel et al [23] recently published 
RNA interference screening that revealed the dependence of S V40 
infection on dynein motor in HeLa cells. The reason why some 
polyomaviruses do not require the dynein motor in some cell types 
is not clear. Ashok and Atwood [18] suggested that for transport in 
glial cells, JCV and SV40 require a different member of the dynein 
family whose function is independent of dynactin complex, or that 
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the viral proteins can interact ciirectly with microtubules for 
transport. The latter possibility can be ruled out in the case of 
MP)rV, as the dynamics of long-distance movement of MPyV 
virions reflected microtubular motor processivity. Plus end- 
oriented movements of MPyV along microtubules mediated by 
kinesin-1 or kinesin-2 are apparently not required for virus 
productive trafficking. It has been found that kinesin-2 is required 
for normal steady-state localization of late endosomes [41]. 
However, despite the abnormal subcellular distribution of these 
compartments, authors of this study have shown that the uptake 
and trafficking of molecules through the conventional endocytic 
pathway was unaffected by inhibition of kinesin-2. Our results 
imply that this might also be true for trafficking of cargo via early 
endosomes whose motility requires kinesin-1 as well [51], since 
transfer via early endosomes is also important for MPyV [3,9]. 

The requirement of minus end-oriented dynein motor observed 
for MPyV trafficking underlies the polyomavirus strategy how to 
reach the nucleus. Polyomaviruses do not target the nucleus 
directly via nuclear pore complexes but, stiU enclosed in vesicles or 
endosomes, they have first to reach the ER for uncoating the viral 
genomes [1 1-13,52]. This strategy is in contrast with the one used 
by some enveloped viruses, e.g. HIV or Herpes viruses, which use 



bi-directional transport to reach the vicinity of the nucleus where 
they replicate. These viruses use dynein to reach the MTOC 
(microtubule organizing centre) and they can use kinesin-1 for 
their further transport from MTOC to the proximity of a nuclear 
envelope. However, capsids of these viruses, unlike those of 
polyomaviruses, travel usually naked in the cytosol, interacting 
directly with both, dynein and kinesin-1 motors (reviewed in [28]). 

The results presented in this study indicate that utilization of the 
microtubular network and dynein motor by MPyV is different 
from that observed for SV40. We found that overexpression of 
dynamitin affected MPyV transport from the plasma membrane 
and reduced its presence in ER. Disruption of microtubules by 
nocodazole perturbed the presence of MPyV in classical endo- 
somes, and only a small virus population was detected in 
premature late endosomes. Engel et al [23] observed no difference 
in the efficiency of SV40 trafficking to Rab5- or Rab7-positive 
endosomes in nocodazole-treated and non-treated cells. Nocoda- 
zole only blocked maturation of SV40-containing endosomes and 
subsequent transport of virions to ER. This group reported 
previously that vesicles carrying SV40 virions recruit actin in the 
form of actin comet tails and use it for their transport from the 
plasma membrane [25], suggesting that SV40 rather utilizes actin 



PLOS ONE I www.plosone.org 



9 



May 2014 I Volume 9 | Issue 5 | e96922 



Microtubular Network in MPyV Trafficking 



control 




5 (.iM Noc 





B 



5 |iM Noc / Caveolin-1 : 10 nm 





a-Tubulin 




control 7 h Noc 7 h Noc + 24 h 
after wash 

Figure 8. Internalization and infectivity of MPyV in nocodazole-treated ceils. (A) 3T6 cells were pre-treated in culture medium alone or in 
medium supplemented with nocodazole for 1 h at 37°C and incubated with MPyV (MOI of 5 xlO^ virus particles/cell) for 15 or 90 min at 37°C, also in 
the presence or absence of the drug. After that, immunofluorescence analysis was performed using an anti-MPyV VP1 antibody added to live cells, 
followed by fixation. Confocal sections of representative cells are shown. Bars, 1 0 iim. (B) Immunolabeling of thawed cryosections of cells pre-treated 
and infected with MPyV in the presence of nocodazole. Cells were immunolabeled with anti-caveolin-1 antibody, followed by immunolabeling with 
secondary antibody conjugated with 10 nm gold particles (seen as darkly stained dots). Arrowheads point to selected virions. Empty arrowhead 
points to caveolar invagination. Asterisk indicates virion internalizing to an invagination lacking caveolin-1. Arrow points to virion internalizing via a 
region at the plasma membrane enriched for caveolin-1 . Pm, plasma membrane. Bars, 50 nm. (C) 3T6 cells were pre-treated (1 h) with nocodazole 
and infected with MPyV. The drug was washed out at 7 h p.i. and cells were further incubated until 24 h p.i. (middle bar) or for additional 24 h after 
washing (right bar). As a control, cells were infected in the absence of the drug and fixed 24 h p.i. Cells were immunostained for MPyV LT antigen and 
the efficiency of infection was determined by the levels (%) of LT antigen-positive cells, normalized to that in control. During the experiment, at least 
500 cells of each sample were counted. Data in the graph represent mean values ± s.d. from three independent experiments. Immunofluorescent 
staining of microtubules (anti-a-tubulin antibody; panel on the right) shows the morphology of microtubular network at the time of washing (7 h p.i.) 
in control or nocodazole-treated cells. Bars, 10 ^im. 
doi:1 0.1 371 /journal.pone.0096922.g008 



dynamics than the dynein motor to reach early and premature late 
endosomes. Although we have observed the involvement of actin 
dynamics in MPyV movement in 3T6 cells (Figure S2, Movie S3), 
disruption of actin microfilaments by latrunculin A did not prevent 
MPyV trafficking to classical endosomes. Moreover, it enhanced 
its efficiency. Correspondingly, virus infectivity in the presence of 
latrunculin A was higher than that in non-treated 3T6 cells (our 
unpublished results). Previous reports observing that treatment 
with actin-disrupting compounds increased MPyV infectivity in 
other naturally permissive cell lines are in agreement [2,15]. 



Exploring localization of MPyV in the absence of functional 
microtubular transport in more detail revealed virus retention at 
the periphery of cells, within endocytic vesicles often connected to 
flask-shape caveolae-like empty structures, or within membrane 
clusters heavily labeled for caveolin- 1 . The morphology of virion- 
containing clusters strikingly resembled multicaveolar complexes 
described previously [43,44]. These studies provided evidence that 
stimulation of caveolar endocytosis induces clustering of caveolae 
into multicaveolar complexes, mostly connected to the plasma 
membrane. However, we observed that upon nocodazole treat- 
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Figure 9. Rabi 1 GTPase is not required for IMPyV infection. 3T6 cells were transfected with plasmid DNA for transient expression of (A) wild- 
type EGFP-Rabi 1 (wt), dominant-negative EGFP-Rabi 1 (DN) or constitutively active EGFP-Rabi 1 (CA), or (B) wild-type EGFP-Rab7 (wt), dominant- 
negative EGFP-Rab7 (DN) or constitutively active EGFP-Rab7 (CA). After 24 h, cells were infected with MPyV, incubated until 24 h p.i., fixed and 
immunostained for IVlPyV LT antigen. The efficiency of infection was determined by the levels (%) of LT antigen-positive cells from that expressing 
EGFP-fused version of the Rabi 1 or Rab7 GTPase normalized to that obtained in cells expressing its wild-type version. During the experiment, more 
than 500 cells were counted for each sample or control. Data in the graph represent mean values ± s.d. from three independent experiments. 
doi:l 0.1 371 /journal.pone.0096922.g009 



ment, MPyV virions entered the cells independently of caveolae, 
similarly as described for untreated cells [3,6,8]. The presence of 
caveolin-1 on some virus-carrying vesicles is apparently caused by 
internalization of the virions via caveolin-rich domains at the 
plasma membrane (Figure 8B, panel c). Recently, formation of 
multicaveolar complexes was shown to occur along actin 
microfilaments from individual caveolar domains physically linked 
to the microfilament structure [53]. This supports our observation 
that the virus presence in caveolin- 1 -positive compartments was 
reduced by disruption of actin microfilaments (Figure 5F). We thus 
hypothesize that during internalization of MPyV via caveolin-rich 
domains at the plasma membrane, invaginating virions might be, 
due to the presence of caveolins, organized along actin microfil- 
aments similarly to caveolar domains. Such virus internalizing 
invaginations might thus create their interconnections or connec- 
tions with "empty" caveolae in their proximity. As no apparent 
difference in the dctc-ction of virions at the plasma membrane of 
nocodazole-trcated or non-treated cells was observed 90 min p.i., 
we speculate that these clusters are intracellular or connected to 
the ceU surface by very narrow invaginations. Interestingly, SV40 
was detected by electron microscopy in similar membrane clusters, 
presented as structures of caveosomes [21]. Since caveosomes were 
later identified as late endosomes or lysosomes modified by 
overexpression of caveolin-1 [23,26], we have to point out the 
presence of MPyV in structures whose morphology corresponds to 
the previous definition of caveosomes, but which by nature are not 
late endosomal compartments. 

What is the fate of the virus in multicaveolar-like clusters? 
Trafficking of internalizc-d caveolae into Rab 1 1 -positive endo- 
somes has been reported [54]. We found transport of MPyV to 
Rabi 1 -positive endosomes to be dependent on intact microtubules 
(Figure 5F), consistent with the finding that Rabi 1 together with 
the dynein motor mediate transport to the endosomal-recycling 
compartments [55] . For the virus, this apparently represents non- 
productive transport, as the expression of dominant-negative or 
constitutively active Rabi I GTPase did not affect MPyV infection. 



The appearance of MPyV in these compartments may thus be 
connected with recycling of the virus material back to the plasma 
membrane, as slow sorting of the VPl signal from the perinuclear 
region to the cell periphery was observed in the interval 6-24 h p.i, 
(our unpublished results). However, the almost complete revers- 
ibility of inhibition of virus infection by nocodazole after its 
washout suggests that microtubules and dynein motor mediate the 
link for MPyV between multicaveolar-like structures and acidic 
endosomes. Several studies have reported caveolin-1 or caveolae 
traflicking into early endosomes [56] and, under specific 
conditions, also into MVBs and endolysosomal compartments 
[26,43,57] (reviewed in [58,59]). Nevertheless, our results bring 
evidence that the presence of MPyV in multicaveolar-like 
complexes is dispensable for virus infection and rather decreases 
and/ or delays productive trafficking of the MPyV virions. 

Materials and Methods 

Ethics Statement 

De novo cell lines were established with approval by the 
Institutional Review Board of Faculty of Science, Charles 
University in Prague (approval number: 2012/06). 

Cell Line Cultivation and Transfection 

Swiss albino mouse fibroblasts 3T6 (American Type Culture 
Collection, ATCC # CCL-96) were grown at 37°C and 5% COg 
in complete Dulbecco's Modified Eagle's Mc-dium (DMEM) 
(Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% 
fetal bovine serum (FBS) (Sigma-Aldrich) and GlutaMAX-I 
(Gibco, Life Technologies). All transfections were performed by 
electroporation using Amaxa kits (Lonza, Basel, Switzerland) 
according to the manufacturer's instructions. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e96922 



Microtubular Network in MPyV Trafficking 



DNA Constructs and Stable Cell Lines 

For stable expression of EGFP-tagged a-tubulin or |3-actin, cells 
were transfected with pEGFP-human a-Tub vector (Clontech, cat. 
6117-1) or with pEGFP-human P-actin vector (Clontech, cat. 
6116-1), respectively. Cell lines were established by sub-cloning 
and maintained upon G418 (Sigma- Aldrich) selection antibiotic in 
DMEM culture medium supplemented with 10% FBS and 4mM 
GlutaMAX-I. Plasmid for expression of dynamitin-EGFP (pDy- 
namitin-EGFP-Nl) was kindly provided by Beate Sodeik (MHH 
Institute of Virology, Hannover, Germany) [60]. Plasmid for 
expression of RFP-tagged dominant-negative kinesin-1: C-termi- 
nal fragment of kinesin-1 heavy chain (pRFP-KHCct) with control 
vector (pRFP-DTC) were kindly provided by Victoria J. Allan 
(University of Manchester, Manchester, United Kingdom) [39,40]. 
Plasmids for expression of EGFP-fused dominant-negative sub- 
units of kinesin-2: motorless KIF3A subunit (pEGFP-KIF3A-HL) 
and C-terminus of KAP3 accessor)' subunit (pEGFP-KAP3-CT) 
were kindly provided by Trina A. Schroer (The John Hopkins 
University, Baltimore, MD, USA) [41,42]. Plasmids for expression 
of EGFP-fused wild-type [61], dominant-negative (S25N) and 
constitutively active (Q70L) Rabll mutant were kindly provided 
by Marino Zerial (Max Planck Institute, Dresden, Germany). 
Plasmids for expression of EGFP-fused wild-type, dominant- 
negative (T22N) and constitutively active (Q,67L) Rab7 mutant 
were kindly provided by Cecilia Bucci (The University of Salento, 
Lecce, Italy) [62] . Vector for expression of EGFP-fused wild-type 
version of Rab5 was kindly provided by Philip D. Stahl 
(Washington University School of Medicine) [63]. For the 
infection assays evaluating the efficiency of MPyV infection, 
vector pEGFP-Nl (Clontech) was used as a control. 

Virus 

The A3 strain of MPyV (large-plaque strain) was isolated from 
infected WME (whole mouse embryo) cells according to Tiirler 
and Beard [64] and purified to homogeneity by CsCl and sucrose 
gradient ultracentrifugation. The quality of preparation was 
confirmed by Coomassie blue-stained sodium dodecyl sulfate- 
acrylamide gel electrophoresis and electron microscopy (negative 
staining). For microscopy of living cells, virions were labeled with 
the red fluorescent marker Alcxa Fluor 546 carboxylic acid 
succinimidyl ester (Molecular Probes, Life Technologies) accord- 
ing to the manufacturer's protocol as described in Liebl et al [3] . 
Viral titers were determined by plaque assays and particle 
numbers by hemagluttination assays. For infections, MPyV was 
used at the indicated multiplicities of infection (MOIs). 

Virus Tracking 

For live microscopy, cells were grown in glass-bottom dishes 
(MatTek, Ashland, MA, USA) in phenol red-free DMEM culture 
medium supplemented with 10% FBS. Glass-bottom dishes were 
then mounted into a C02-supplemented chamber, maintained at 
37 C. To avoid rapid temperature changes and microtubule 
depolymerization at 4°C, all procedures were performed at 37°C 
with pre-warmed media and solutions. The fluorescentiy labeled 
virus was diluted in serum-free culture medium and added to cells 
at MOI of 10^ to 10^ particles per cell. Unbound virus was gently 
washed away after 20 min and complete culture medium was 
added. Cytoplasmic transport was monitored by time-lapse live 
imaging using a Leica TCS SP2 AOBS confocal microscope 
equipped with an Argon laser (458, 476, 488, 496, 514 nm; 
10 mW) and a HeNe laser (543, 594 nm; 1 mW). Cells were 
examined with a 1.2 N.A. water immersion objective (60x). To 
minimize the possibility of tracking of not yet internalized virions 
attached to the cell surface, a complete z-scanning of the cell 



starting from the apical until the basal cell membrane was 
performed. After this step, the objective focus was fixed on the 
middle plane of the cell, and only virions moving in the internal 
area of the cell corresponding to the cytosol were tracked. 
According to the specific signal to noise ratio and EGFP level of 
expression, we applied diflferent sampling frequencies (AT = 3— 
6 s). Sequential scanning between channels was used to separate 
fluorescence emission from difierent fluorochromes and to 
completely eliminate bleed through channels. EGFP-tubulin- 
expressing cells were alternatively examined with an Olympus 
1X81 CellR microscope equipped ^\ith an MT20 illumination 
system and a 63 X oil-immersion objective, using Tx Red and GFP 
filter cube set. Video sequences and images were processed by 
Image J software (NIH, Bethesda, MD, USA) and Adobe 
Photoshop (Adobe Systems, San Jose CA, USA), respectively. 
Velocities and trajectories were calculated by 'particle tracking' 
plug-ins for Image J software (NIH) and data were processed with 
Excel software (Microsoft Corporation). 

Immunofluorescence Staining 

For frxed-cell staining, cells were fixed with 4% formaldehyde in 
PBS (20 min) and permeabilized with 0.5% Triton X-100 in PBS 
(5 min). Alternatively, to follow the virus localization in EGFP- 
Rab7-positive compartments, we fixed cells with 4% formaldehyde 
plus 0.05% glutarcddehyde in PBS (60 min) as combined fixative 
was shown to sufficiently preserve the fragile structures of late 
endosomes for immunofluorescence analysis [62,65]. After wash- 
ing in PBS, cells were incubated with Q.25% bovine serum 
albumin and 0.25% porcine skin gelatin in PBS. Immunostaining 
with primary and secondary antibody was carried out for 1 h and 
30 min, respectively, with extensive washing in PBS after each 
incubation. The following primary antibodies were used: rat 
monoclonal anti-MPyV large T (LT) antigen (kindly provided by 
B. E. Griffin, Imperial College of Science, Technology and 
Medicine at St. Mary's, London, United Kingdom), mouse 
monoclonal anti-MPyV VPl (prepared in our laboratory), rabbit 
polyclonal anti-MPyV VPl (prepared in our laboratory), rabbit 
polyclonal anti-caveolin-1 (Santa Cruz, CA, USA), rabbit poly- 
clonal anti-BiP (Abeam, Cambridge, UK), mouse monoclonal 
anti-a-tubulin (Exbio, Prague, Czech Republic) and rabbit 
polyclonal anti-GFP (Abeam). The following secondary antibodies 
were used: donkey anti-rat, donkey anti-mouse and goat anti- 
rabbit conjugated with Alexa Fluor 488; goat anti-rat conjugated 
with Alexa Fluor 546; Cy3-conjugated goat anti-mouse antibody 
(all purchased from Molecular Probes); and donkey anti-rabbit 
conjugated with CF633 fluorescent dye (Biotinum, CA, USA). 
DNA was stained with DAPI (4', 6'-diamidino-2-phenylindole). 
For testing the EGFP-fused versions of Rabl 1 GTPase, transferrin 
tagged with Alexa Fluor 647 (Molecular Probes) was used. 

Live-cell labeling was performed as described in Zhou et al [66] . 
At indicated times (15 or 90 min) post-infection, cells were washed 
three times with complete Dulbecco's PBS (DPBS) at 37°C and 
incubated with mouse monoclonal anti-MPyV VPl antibody for 
20 min at 37°C. The cells were then washed three times with 
DPBS (37°C) and frxed with 4% formaldehyde in PBS (10 min). 
Fixed but not permeabilized cells were washed in PBS and 
incubated with Cy3-conjugated anti-mouse secondary antibody as 
described above. 

Internalization Assay 

Cells grown on 13-mm glass coverslips in 24-well plates were 
incubated with MPyV labeled with Alexa Fluor 546 dye, diluted in 
serum-free culture medium and added to cells at MOI of 10^ 
particles per cell. After 20 min (at 37°C), cells were washed to 
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remove unbound virus and complete DMEM medium (37°C) was 
added. Cells were incubated until indicated time points p.i. and 
fixed with 4% formaldehyde in PBS (20 min). The detection of 
non-internalized virions was accomplished by surface labeling of 
non-permabilized cells, washed in PBS and incubated with anti- 
MPyV VPl antibody, followed by incubation with secondary 
antibody conjugated to green dye Alexa Fluor 488. The 
percentages of internalized virions were determined from the 
maximum-intensity projections of Z-stacks of confocal optical 
sections of the examined cells. 

Infectivity Assays 

To determine MPyV infectivity during the expression of 
fluorescently tagged versions of the proteins or fluorescent proteins 
alone, cells were transfected with protein encoding plasmid DNA 
and seeded on 13-mm glass coverslips in 24-wcll plates. Cells were 
allowed to grow for 24 or 48 h (two days for expression of kinesin- 
2 subunits, as they turn out slowly [41]), washed and incubated 
with MPyV diluted in serum-free medium at MOI of 0.3 PFU/ 
cell, for 1 h at 37°C. The infection start was measured from virus 
addition to cells. After virus adsorption, cells were washed to 
remove the unbound virus and incubated in DMEM with 10% 
FBS until 24 h p.i. and fixed. Fixed cells were immunostained with 
antibody against MPyV early LT antigen. The efiiciency of 
infection was determined from the percentage of LT-positive cells 
from that expressing the fluorescently tagged protein of interest, 
normalized to that obtained in control cells. 

To determine the reversibility of MPyV infection after 
nocodazole treatment, cells were pre-treated in medium with 
5 nM nocodazole (Calbiochem, Merck) for 1 h at 37°C and in the 
presence of drug infected with MPyV as above (the functional 
disruption of microtubules by nocodazole was confirmed by 
immunostaining with anti-a-tubulin antibody). At 7 h p.i., the 
drug was washed out and the cells were incubated until 24 h p.i., 
or in parallel samples, cells were incubated for additional 24 h 
prior to fixation and immunostaining to prove the reversibility of 
the inhibition efiect. Fixed cells were immunostained for the 
MPyV LT antigen and the cell nuclei were visualized by DAPI. 
The efficiency of infection was determined from the percentage of 
cells positive for LT antigen normalized to that obtained in cells 
infected in the absence of drug and fixed 24 h p.i. 

For assay quantification, coversfips were observed with an 
Olympus BX-60 fluorescence microscope equipped with a COHU 
CCD camera and images of optical fields were taken using Lucia 
software (Laboratory Imaging, Prague, Czech Republic). Cells 
were counted using the 'cell counter' plug-in for Image J software 
(NIH). 

Quantification of Co-localization 

Cells transfected with plasmid DNA for expression of the 
EGFP-fused protein of interest, mock-transfected or non-trans- 
fected ceUs were seeded on 1 3-mm coverslips in 24-weU plates and 
left to grow for 16-24 h. CeUs at 10-20% of confluency were used. 
For co-localization analysis in the presence of cytoskeleton drugs, 
ceUs were pre-incubated in culture medium alone (control) or 
medium containing 5 |XM nocodazole or 0.1 |J,M latrunculin A 
(Calbiochem, Merck) for 1 h (at 37°C) prior to infection (the 
functional disruption of microtubules or microfilaments by the 
drugs was confirmed in parallel samples by immunostaining with 
anti-a-tubulin antibody or with rhodamine-conjugated phaUoidin, 
respectively). CeUs were infected with MPyV diluted in serum-free 
culture medium (with or without the drug) at MOI ~5xl0^ virus 
particles/ceU, allowing quantification of individual virions (count- 
ed approximately from 30 to 120 virions per ceU). The infection 



start was measured from virus addition to ceUs. After 1 h at 37°C, 
the inoculum was removed, ceUs were washed three times to 
remove unbound virions, and complete DMEM medium -1-10% 
FBS (with or without drug) was added. Cells were incubated until 
indicated time p.i., frxed, and immunostained for MPyV VPl 
capsid protein and the second marker of interest if not fused to 
EGFP. The ceUs were examined with a Leica TCS SP2 AOBS 
confocal microscope using a x63 1.4 N.A. oil immersion objective. 
For each examined cell, Z-sections were taken and co-localization 
of individual virions was determined in individual sections using 
the 'colocalization highlighter' plug-in for Image J software (NIH). 
The intensity ratio of co-localized pixels was set at 50%. The 
obtained image with co-localizing pixels was merged with the 
image with MPyV VPl signal and co-localized and non- 
colocalized virions were counted. 

Immunoelectron Microscopy of Cryosections 

CeUs grown on Petri dishes were pre-treated (1 h/37°C) in 
culture medium alone or medium containing 5 |J,M nocodazole 
and in the absence or presence of the drug were infected with 
MPyV at MOI of ,TxlO* virus particles per cell for 1 h (rocking). 
CeUs were washed and complete DMEM with 10% FBS (37°C) 
with or without nocodazole was added. CeUs were fixed 5 h p.i. 
with 4% formaldehyde plus 0.0.5% glutaraldehyde solution in 
O.IM Sorensen buffer (NaaHPOi/NaH^PO,,, pH 7.2). Fixed cells 
were gendy scraped from the plate with a rubber policeman and 
embedded in \0"/o gelatin in PBS. Gelatin-embedded samples 
were cut into l-mm' blocks and infUtrated with 2.3M sucrose 
overnight at 4°C. InfUtrated blocks were mounted onto aluminum 
pins, frozen in liquid nitrogen and then sectioned at — 1 20°C with 
a Leica EM EC 7 microtome. Ultrathin cr\'Osections were 
transferred in a drop of 2.3M sucrose, 2% methylceUulose onto 
formwar-carbon-coated nickel grids and immunolabeled with 
rabbit polyclonal antibody against caveoUn-1 (BD Transduction 
Laboratories, BD Biosciences), foUowed by incubation with goat 
anti-rabbit antibody conjugated to 10 nm gold particles (British 
BioceU Int.). After labeling, the sections were contrasted and 
embedded in a mixture of 3% aqueous uranyl acetate and 2% 
methylceUulose. The samples were observed with a JEM- 10 11 
JEOL electron microscope equipped with a side mounted 2kx2k 
CCD Camera (Veleta, Olympus SIS). 

Supporting Information 

Figure SI Internalization assay. 3T6 cells were incubated 
with MPyV labeled with red fluorescent dye Alexa Fluor 546 
(AF546-MPyV) diluted in serum-free medium (MOI of 10^ virus 
particles/ceU) for 20 min at 37°C. After virus adsorption, ceUs 
were washed and incubated in complete DMEM medium (37°C) 
until indicated times p.i. The extraceUular and intracellular 
AF546-MPyV virions (red) were distinguished by surface im- 
munolabeling of frxed but not pcrmeabUized ceUs with anti-MPyV 
VPl antibody, foUowed by incubation with secondary antibody 
conjugated to green dye Alexa Fluor 488. (A and B) Visualization 
of AF546-MPyV virions (red) in permeabUized (A) and non- 
permeabUized (B) ceUs by immunostaining with anti-VPl antibody 
(green). Confocal sections of ceUs fixed 60 min p.i. with enlarged 
details are shown. In panel B, arrows point to selected extracellular 
virions. (C) Quantification of the amount of internalized AF546- 
MPyV virions at 20, 30, 60 and 120 min p.i. The percentages of 
internalized virus were calculated from images such as shown in 
panel B. More than 1100 virions were evaluated for each time 
point. Data in the graph represent mean values ± s.d. for 10 
different ceUs. 
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(TIF) 

Figure S2 Movement of MPyV-carrying endosomes 
associated with dynamic actin assemblies. 3T6 cells stably 
expressing EGFP-fused P-actin (green) were infected with Alexa 
Fluor 546-labeled MPyV (red) (MOI of 10^ to 10^ virus particles 
per cell) at 37°C and scanned with AT = 4 s. Selected frames of 
cell at 45 min p.i. with corresponding transmission light images 
illustrate short-distance movement of virus-carrying endosomes 
associated with dynamic assemblies of EGFP-actin (see Movie S3). 
White arrowheads point to MPyV virions. Arrows point to 
endosome-associated actin assemblies. Black arrowheads indicate 
MPyV-containing endosomes. Bars, 5 |Xm. Cells were examined 
using a Leica TCS SP2 AOBS confocal microscope. 
(TIF) 

Figure S3 Intracellular distribution of fluorescently 
tagged transferrin during expression of Rabll GTPase 
mutants. 3T6 cells expressing EGFP-fiised wt, DN or OA 
version of Rabl 1 were incubated for 5 min (pulse) at 37°C with 
25 (J-g/ml Alexa Fluor 647-transferrin. Cells were further 
incubated for 30 min (chase) at 37"C in serum-containing 
medium, frxed and processed for fluorescence microscopy. 
Confocal sections showing representative distribution of transfer- 
rin in the cells are presented. Arrows point to places of 
concentrated transferrin. Arrowheads point to tubular perinuclear 
elements of Rabll DN. Bars, 10 (Xm. 
(TIF) 

Movie SI Bi-directional transport of MPyV virions 
along microtubules. 3T6 cells expressing EGFP-tubulin (green) 
were infected with fluorescently labeled MPyV (red) at 37°C and 
analyzed by time-lapse fluorescence microscopy. Virions were 
transported in both directions: towards the nucleus (left) and to the 
ceU periphery (right). Images were taken with intervals of 3 
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seconds. Video sequences were obtained using an Olympus 1X81 
CeUR microscope. 

(AVI) 

Movie S2 MPyV virions accumulate in perinuclear 
space later post-infection (3 h p.i.). 3T6 ceUs expressing 
EGFP-tubulin (green) were infected with fluorescendy labeled 
MPyV (AF594-MPyV; red) with MOI of 10^ virus particles per 
ceU at 37°C and analyzed by time-lapse confocal microscopy. 
Images were taken with intervals of 6 seconds. Bar, 10 |Tm. Video 
sequence was obtained using a Leica TCS SP2 AOBS confocal 
microscope. 
(AVI) 

Movie S3 Movement of MPyV associated with dynamic 
actin. 3T6 ceUs expressing EGFP-actin (green) were infected with 
fluorescendy labeled MPyV (red) at 37°C and analyzed by time- 
lapse confocal microscopy. Video sequence with fluorescent signals 
(left) and corresponding setjut^nct- from transmission light (right) 
are shown. Images were taken with intervals of 4 seconds. Video 
sequences were obtained using a Leica TCS SP2 AOBS confocal 
microscope. 
(AVI) 

Acknowledgments 

We are grateful to Dr. David Liebl and Dr. Jifi Janacck lor help with 
tracking measurements and to Sarka Takacova for assistance in 
preparation of the manuscript. We wish to thank Drs. Victoria J. Allan, 
Cecilia Bucci, Trina .\. Schrocr, Bcato Sodeik, Philip D. Stahl and Marino 
Zerial lor providing valuable expression plasmids. 

Author Contributions 

Conceived and designed the experiments: VZ FD LK SHJF. Performed 
the experiments: VZ FD LK SH. Analyzed the data: VZ FD LK SHJF. 
Wrote the paper: VZJF SH. 



14. Kobilcr O, Drayman N, Butin-lsracli V, Oppcnhcim A (2012) Virus strategics 
for passing the nuclear envelope barrier. Nucleus 3: 526-539. 

15. Krauzewicz N, StokrovaJ, Jenkins C, Elliott M, Higgins CF, et al. (2000) Virus- 
like gene transfer into cells mediated by polyoma virus pseudocapsids. Gene 
Ther 7: 2122-2131. 

16. Sanjuan N, Porras A, Otero J (2003) Microtubule-dependent intracellular 
transport of murine polyomavirus. Virology 313: 105-116. 

17. Qian M, Tsai B (2010) Lipids and proteins act in opposing manners to regulate 
polyomavirus infection. J Virol 84: 9840-9852. 

18. Ashok A, Atwood \\J (2003) Contrasting roles of endosomal pH and the 
eytoskelcton in infection of human gHal ceUs by JC virus and simian virus 40. 
J Virol 77: 1347-1356. 

19. Eash S, Atwood WJ (2005) Involvement of cytoskeletal components in BK virus 
infectious entry. J Virol 79: 11734-11741. 

20. Moriyama T, Sorokin A (2008) Intracellular trafficking pathway of BK Virus in 
human renal proximal tubular epithelial cells. Virology 371: 336-349. 

21. Pelkmans L, KartenbeckJ, Helenius A (2001) CaveolEir endocytosis of simian 
virus 40 reveals a new two-step vesicular-transport pathway to the ER. Nat CeU 
Biol 3: 473-483. 

22. Shimura H, Umcno Y, Kimura Q (1987) Effects of inhibitors of the cytoplasmic 
structures and functions on the early phase of infection of cultured cells with 
simian virus 40. Virolo^g\' 158: 34 13. 

23. Engel S, Heger 1\ Mancini R, Herzog E, KartenbeckJ, et al. (2011) Role of 
endosomes in simian virus 40 entry and infection. J Virol 85: 4198—421 1. 

24. Jiang M, Abend JR, Tsai B, Imperiale MJ (2009) Early events during BK virus 
entry and disassembly. J Virol 83: 1350-1358. 

25. Pelkmans L, Puntener D, Helenius A (2002) Local actin polymerization and 
dynamin recruitment in SV40-induced internalization of caveolae. Science 296: 
535-539. 

26. Hayer A, Stoeber M, Ritz D, Engel S, Meyer HH, et al. (2010) CaveoUn-1 is 
ubiquitinated and targeted to intralumenal vesicles in endolysosomes for 
degradation. J Cell Biol 191: 615-629. 

27. HuotariJ, Helenius A (2011) Endosome maturation. EMBO J 30: 3481-3500. 

28. DoddingMP, Way M (2011) CoupUng viruses to dynein and kinesin- 1 . EMBO J 
30: 3527-3539. 



PLOS ONE I www.plosone.org 



14 



May 2014 I Volume 9 | Issue 5 | e96922 



Microtubular Network in MPyV Trafficking 



29. Hunt SD, Stephens DJ (201 1) The role of motor proteins in endosomal sorting. 
Biochem Soc Trans 39: 1179-1184. 

30. Presley JF, Smith C, Hirschberg K, MiUer C, Cole NB, et al. (1998) Golgi 
membrane dynamics. Mol Biol Cell 9: 1617—1626. 

31. Benesch S, Lommel S, StefTen A, Stradal TE, Scaplehom N, et al. (2002) 
Phosphatidylinositol 4,5-biphosphate (PIP2)-induced vesicle movement depends 
on N-WASP and involves Nek, WIP, and Grb2. J Biol Chem 277: 37771-37776. 

32. Orth JD, Kruegcr EW, Cao H, McNiven IVIA (2002) The large GTPasc 
dynamin regulates actin comet formation and movement in living cells. Proe 
Natl Acad Sci USA 99: 167-172. 

33. Welsch T, Endlich N, Gokcc G, Doroshcnko E, Simpson JC, et al. (2005) 
Association of CD2AP with dynamic actin on vesicles in podocytes. AmJ Physiol 
Renal Physiol 289: Fl 134-1 143. 

34. Block SM, Goldstein LS, Sehnapp BJ (1990) Bead mo\'cmcnt by single kinesin 
molecules studied with optieal tweezers. Nature 348: 348 3,')2. 

35. Echevcrri CJ, Paschal BM, Vaughan KT, Vallce RB (1996) Molecular 
characterization of the 50-kD subunit of dvnactin re\'eals function for the 
complex in chromosome alignment and spindle organization during mitosis. 
J Cell Biol 132: 617 G33. 

36. BurkhardtJK, Echevcrri CJ, Nilsson T, Vallcc RB (1997) Ovcrcxprcssion of the 
dynamitin (p50) subunit of the dynactin complex disrupts dynein-dependent 
maintenance of membrane organelle distribution. J Cell Biol 139: 469—484. 

37. Presley JF, Cole NB, Schroer TA, Hirschberg K, Zaal KJ, et al. (1997) ER-to- 
(jolgi transport visualized in living cells. Nature 389: 81-85. 

38. Coy DL, Hancock WO, Wagcnbach M, HowardJ (1999) Kinesin's tail domain 
is an inhibitory regulator of the motor domain. Nat Cell Biol 1: 288-292. 

39. Wozniak MJ, i\llan VJ (2006) Cargo selection by specific kinesin light chain 1 
isoforms. EMBOJ 25: 5457-5468. 

40. Wozniak MJ, Bola B, BrownhiU K, Yang YC, Levakova V, et al. (2009) Role of 
kinesin- 1 and cytoplasmic dynein in endoplasmic reticulum movement in 
VERO ceUs. J Cell Sci 122: 1979-1989. 

41. Brown CL, Maier KG, Stauber T, Ginkel LM, Wordcman L, et al. (2005) 
Kinesin-2 is a motor for late cndosomes and lysosomcs. Traffic 6: 1114—1124. 

42. Ginkcl LM, Wordeman L (2000) Expression and partial chjiracterization of 
kinesin-rt^lated proteins in differentiating and adult skeletal muscle. Mol Biol Cell 
11: 4143-4158. 

43. Botos E, Klumperman J, Oorschot V, Igyarto B, Magyar A, et al. (2008) 
Caveolin-1 is transported to multi-vesicular bodies after albumin-induced 
endocytosis of caveolae in HepG2 ceUs. J Cell Mol Med 12: 1632-1639. 

44. Kiss AL, Botos E (2009) Ocadaic acid retains caveolae in multicaveolar clusters. 
Pathol Oncol Res 15: 479-486. 

45. Anicnto F, Lmans N, (Griffiths (i, (iruenberg J (1993) Cytoplasmic dynein- 
dependent vesicular transport from early to late cndosomes. J (?.ell Biol 123: 
1373- 1387. 

46. Bayer N, Schober D, Prchla E, Murphy RF, Blaas D, et al. (1998) Effect of 
bafilomycin Al and nocodazole on endocytic transport in HeLa cells: 
implications for viral uncoating and infection. J Virol 72: 9645-9655. 

47. Baravalle G, Schober D, Huber M, Bayer N, Murphy RF, et al. (2005) 
Transferrin recycling and dextran transport to lysosomes is differentially aifected 
by bafilomycin, nocodazole, and low temperature. Cell Tissue Res 320: 99-1 13. 

48. Driskell OJ, Mironov A, Allan VJ, Woodman P(j (2007) Dynein is required for 
receptor sorting and the morphogenesis of early cndosomes. Nat Cell Biol 9: 
113-120. 



49. Ren M, Xu (), Zcng J, De Lcmos-Chiarandini C, Adesnik M, et al. (1998) 
Hydrolysis of G T P on rabl 1 is required f or the direct delivery of transf errin from 
the pericentrioiar recycling compartment to the cell surface but not from sorting 
cndosomes. Proc Natl Acad Sci U S A 95: 6187-6192. 

50. Holtta-Vuori M, Tanhuanpaa K, Mobius W, Somerharju P, Ikonen E (2002) 
Modulation of ceUulEir cholesterol transport and homeostasis by Rabll. Mol 
Biol CeU 13: 3107-3122. 

51. Loubery S, Wilhelm C, Hurbain I, Neveu S, Louvard D, et al. (2008) Different 
microtubule motors move early and late endocytic compartments. Traffic 9: 
492-509. 

52. Schelhaas M, Malmstrom J, Pelkmans L, Haugstetter J, Ellgaard L, et al. (2007) 
Simian Virus 40 depends on ER protein folding and quality control factors for 
entry into host cells. Cell 131: 516-529. 

53. Echarri A, Muriel O, Pavon DM, Azegrouz H, Escolar F, et al. (2012) Gavcolar 
domain organization and trafficking is regulated by Abl kinases and mDial. 
J CeU Sci 125: 3097-3113. 

54. Muriel O, Echarri A, Hellriegel C, Pavon DM, Beccari L, et al. (2011) 
Phosphorylated filamin A regulates actin-linked caveolae dynamics. J CeU Sci 
124: 2763-2776. 

55. Horgan CP, Hanscom SR, JoUy RS, Futter CE, McCaffrey MW (2010) Rabl 1- 
F1P3 links the Rabl 1 (7FPase and cytoplasmic dynein to mediate transport to 
the cndosomal-recyeling compartment. J Cell Sci 123: 181—191. 

56. Pelkmans L, Burli 'F, Zerial M, Helenius A (2004) Cavcolin-stabilized membrane 
domains as multifunctional transport and sorting devices in endocytic membrane 
traffic. Cell 118: 767-780. 

57. Mundy DI, Li WP, Luby-Phelps K, Anderson RG (2012) Caveolin targeting to 
late endosome/lysosomal membranes is induced by perturbations of lysosomal 
pH and cholesterol content. Mol Biol CeU 23: 864-880. 

58. Kiss AL (2012) Caveolae and the regulation of endocytosis. Adv Exp Med Biol 
729: 14-28. 

59. Parton RG, del Pozo MA (2013) Caveolae as plasma membrane sensors, 
protectors and organizers. Nat Rev Mol CeU Biol 14: 98-1 12. 

60. Dohner K, Wolfstein A, Prank U, Echevcrri C, Dujardin D, et al. (2002) 
Function of dynein and dynactin in herpes simplex virus capsid transport. Mol 
Biol CcU 13: 2795-2809. 

61. Sonnichsen B, De Rcnzis S, Nielsen E, Rictdorf J, Zerial M (2000; Distinct 
membrane domains on cndosomes in the recycling pathwa\' visualized by 
multicolor imaging of Rab4, Rab5, and Rabll. J Cell Biol 149: 901 -914. 

62. Bucci C, Thomsen P, Nicoziani P, McCarthy J, van Deurs B (2000) Rab7: a key 
to lysosome biogenesis. Mol Biol CeU 11: 467-480. 

63. Li G, Stahl PD (1993) Structure-function relationship of the smaU GTPase rab5. 
J Biol Chem 268: 24475-24480. 

64. Tiirler H, Beard P (1985) Simian virus 40 and polyoma virus: growth, titration, 
transformation and purification of viral components. In: Mahy B, editor. 
Virolog}" a practical approach. Oxford, Washington DC: IRL Press. 169—192. 

65. Brankatschk B, Pons V, Parton RG, Gruenberg J (201 1) Role of SNX16 in die 
dynamics of tubulo-cistemal membrane domains of late cndosomes. PLoS One 
6: c21771. 

66. Zhou AY, Ichaso N, Adamarek A, Zila V, ForstovaJ, et al. (201 1) Polyomavirus 
middle T-antigen is a transmembrane protein that binds signaling proteins in 
discrete subceUular membrane sites. J Virol 85: 3046-3054. 



PLOS ONE I www.plosone.org 



15 



May 2014 I Volume 9 | Issue 5 | e96922 



